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Adoptive Cell Transfer Therapy

Despite multiple approaches to therapy and prevention, cancer 
remains a major cause of death worldwide. Conventional therapies 
targeting dividing cells, using chemotherapy or radiation therapy, 
also affect normal cells and often fail in preventing the metastatic 
spread of the disease. Therefore, immunotherapy is an alterna-
tive modality of treatment that attempts to harness the specific-
ity of the immune system to target tumor propagation without 
harming normal cells.1 Active immunotherapy with therapeutic 
vaccines aims to elicit immune responses in vivo that will lead 
to an antitumor effect. With current cancer vaccine approaches, 
including tumor cell vaccines, peptide vaccines, viral vector vac-
cines, plasmid DNA vaccines and dendritic cell vaccines,2 objec-
tive clinical responses have not yet been successfully achieved.3 In 
contrast, passive immunotherapeutic strategies with adoptive cell 
transfer (ACT) involve ex vivo stimulation of tumor-reactive T 
cells that are then transferred back to the patient.4

Adoptive Cell Transfer Following Allogeneic Bone 
Marrow Transplantation

The most successful T cell immunotherapy to date has possibly 
been the use of donor T cells following allogeneic hematopoietic 
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Adoptive transfer of tumor-reactive T cells has emerged as a 
promising advance in tumor immunotherapy. Specifically, 
infusion of tumor-infiltrating lymphocytes has led to long-
term objective clinical responses for patients with metastatic 
melanoma. Donor lymphocyte infusion is also an effective 
treatment of post-transplant lymphoproliferative disease. 
However, adoptive T cell therapy has restrictions in the isolation 
and expansion of antigen-specific lymphocytes for a large 
group of patients. One approach to circumvent this limitation 
and extend adoptive immunotherapy to other cancer types 
is the genetic modification of T cells with antigen-specific 
receptors. In this article, we review strategies to redirect T cell 
specificity, including T cell receptor gene transfer and antibody 
receptor gene transfer.
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stem cell (HSC) transplantation. Indeed, treatment of patients 
with myeloid leukemias relapsing after allogeneic HSC trans-
plantation by donor lymphocyte infusion has proved to induce 
long-term, complete remissions through graft-versus-leukemia 
reactivity. In this regard, the hematopoiesis-restricted minor 
histocompatibility antigens HA-1 or HA-2 expressed on malig-
nant cells of the recipient can serve as target antigens for donor 
T cell recognition.5,6 The role of graft-versus-leukemia effect was 
underscored initially by observing complete hematologic and 
cytogenetic remission in 3 patients with relapsed chronic myeloid 
leukemia infused with donor buffy coat cells.7 Later clinical trials 
resulted in complete remissions in 70% of patients with chronic 
myeloid leukemia in response to donor lymphocyte transfusions. 
Complete remissions were also induced in 29% of patients with 
acute myeloid leukemia. In contrast, acute lymphoblastic leuke-
mia did not respond to donor lymphocyte transfusions.8

During the immune recovery after HSC transplantation, 
reactivation of latent viruses, such as cytomegalovirus (CMV) 
and Epstein-Barr virus (EBV), is common and often causes an 
indicative disease.9 Yet, the adoptive transfer of T cell clones 
appeared effective in preventing complications of virus-associ-
ated infection and disease after transplant. For example, donor, 
CMV-specific CD8+ T cell clones were infused into recipients of 
the marrow transplant after stimulation with autologous fibro-
blasts infected with CMV. CMV-specific cytotoxic T lympho-
cytes (CTLs) were reconstituted and persisted in all patients.10 
Besides, CMV-specific CTLs, stimulated with CMV lysate, 
were successfully used in the treatment of CMV infection not 
responding to prolonged antiviral chemotherapy.11 The results 
of adoptive immunotherapy for the prophylaxis and treatment 
of EBV-associated, post-transplant lymphoproliferative disease 
(PTLD) were also efficacious. EBV-infected B cells of PTLD are 
highly immunogenic, expressing latent EBV antigens including 
the immunodominant EBV nuclear antigen-3.12 Moreover, lym-
phoblastoid cell lines generated by infecting donor B cells with a 
laboratory strain of EBV have effectively been used as antigen-
presenting cells for the expansion of EBV-specific CTLs in vitro.9 
When donor, EBV-specific T cell lines were transferred into more 
than 60 marrow recipients as prophylaxis for PTLD, none of the 
60 patients developed the malignancy. Of 6 additional patients 
that received virus-specific CTL after the onset of lymphoma, 5 
patients underwent a complete regression.13

Overall, these studies demonstrating the efficiency of adop-
tive immunotherapy against allogeneic and viral antigens have 
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(MHC)-antigen complex by the TCR. Genes that encode the 
α and β chains are cloned from tumor-reactive T cells restricted 
to a particular HLA allele and then introduced into recipient 
T cells to endow them with the specificity of the donor TCR.27 
The first demonstration of redirected T cell specificity by TCR 
gene transfer was reported by Dembic et al. in 1986. With the 
identification of the TCR α and β chain sequences from two 
HLA-A2-restricted, MART-1/Melan A-reactive T cell clones,29 
Clay et al. were the first to report the transfer of TCR genes from 
one of these clones via a retroviral vector into human peripheral 
blood lymphocytes. Transduced cells acquired stable reactivity 
to MART-1/Melan A peptide and human HLA-A2 melanoma 
lines.30,31 Since these studies, the same approach was used to 
transfer the specificity for a number of tumor-associated antigens 
and viral antigens associated with tumor development.32-38

Several viral vectors have been tested for efficient transduction 
of human primary T lymphocytes. Adenoviruses were the first 
viral vectors to be used. Although adenoviral vectors can infect 
both dividing and nondividing cells, they are highly immuno-
genic, leading to strong (or preexisting) immune responses and 
rapid elimination of transduced cells in vivo.39,40 Gamma ret-
roviral vectors were the first to provide efficient transduction. 
They have low immunogenicity, infect only proliferating cells 
and integrate into the host DNA, thus allowing stable transgene 
expression.41 Different classes of retroviruses that have been used 
for transfer of genes to human cells include lentiviral vectors. In 
contrast to retroviral vectors, lentiviruses can be used to infect 
both dividing and nondividing cells.42,43 Though, comparison of 
vectors is still lacking.

Mispairing of the introduced chains with endogenous TCR 
chains is a main concern in this approach; this may dilute the 
number of correctly expressed TCRs and could result in TCR 
heterodimers with unknown specificity, possibly inducing auto-
immunity. Among those strategies developed to counter TCR 
mispainring are: (1) insertion of murine constant regions with 
the variable region of the human TCR44 and (2) insertion of cys-
teine residues into the α and β chains that favors pairing of only 
the transduced chains.45

One concern with TCR immunotherapy is the ligand-bind-
ing affinity of TCR transgenes. Therefore, selection of a TCR 
with high-affinity is crucial in improving the functional avid-
ity of TCR-transduced cells. While isolating such a TCR from a 
patient is rare, this obstacle has recently been overcome by using 
methods such as phage display. This approach has produced 
TCRs with picomolar affinities, representing almost a million-
fold improvement in affinity compared to the parent TCR.46 
High-affinity TCRs can also be obtained from HLA-A2 trans-
genic mice following immunization against human cancer anti-
gens. This method usually results in high-avidity CTLs.47

The first clinical example of this approach was reported by 
Morgan et al. at the NCI. Infusion of 15 patients with metastatic 
melanoma with their autologous lymphocytes transuded with 
genes encoding a TCR reactive against MART-1 following non-
myeloablative lymphodepletion resulted in a durable engraftment 
at levels exceeding 10% of peripheral blood lymphocytes for at 
least 2 months after treatment.48 In this study, 2 patients (13%) 

profound implications for the development adoptive immu-
notherapy approaches to the treatment of patients with solid 
cancers.14

Adoptive Cell Transfer in Metastatic Melanoma

For patients with tumors that do not express viral antigens, the 
development of ACT therapies has had limited success, because 
the generation of tumor antigen-specific T cells has been problem-
atic.15 The finding that normal lymphocytes, after culture with 
IL-2, caused a significant lysis of autologous tumor led to the use 
of these lymphokine activated killer (LAK) cells for the treatment 
of patients with metastatic cancers.16 Nevertheless, adoptive trans-
fer of LAK cells plus IL-2 administration induced complete tumor 
regression in a limited number of patients.17,18 By applying advances 
in basic T cell biology and new techniques, better responses have 
been achieved later. The adoptive transfer of tumor-infiltrating 
lymphocytes (TILs) into patients with melanoma along with high-
dose IL-2 resulted in an objective response rate of 34%. Most of 
these responses, however, were transient and patients had a limited 
persistence of the transferred cells.19 Another approach was to use 
CD8+ T cell clones specific for the melanoma antigens gp100 and 
MART-1 for the ACT therapy, in addition to low-dose or high-
dose IL-2.20,21 Yet, T cell clones declined rapidly after adoptive 
transfer, and no objective clinical responses were reported. The 
clinical effectiveness of TIL therapy was further enhanced using 
nonmyeloablative, lymphodepleting chemotherapy in combina-
tion with ACT. In these protocols, patients with metastatic mela-
noma were infused with ex vivo-expanded, tumor-reactive TILs 
and high-dose IL-2 after a preconditioning regimen of cyclophos-
phamide and fludarabine.22 This approach resulted in a persistent 
clonal repopulation of T cells and objective tumor regression in 
47% of patients. A following report on the same protocol showed 
an objective clinical response in 51% of patients.23 More recently, 
up to 72% objective response rates were observed after increasing 
the intensity of the preparative regimens (12 Gy plus cyclophos-
phamide and fludarabine).24

Despite encouraging results described above, the generation of 
tumor-reactive lymphocytes in this approach of immunotherapy 
is often a major limitation. Additionally, it is difficult to identify 
these tumor-reactive lymphocytes in many patients, in particular 
those with non-melanoma tumors. An attempt around this limita-
tion is the genetic modification of T cells to redirect antigen speci-
ficity. The validity of this approach has been established by the 
long-term persistence of adoptively transferred, genetically modi-
fied T cells in humans.25,26 Furthermore, a uniform population of 
redirected antigen-specific cells can be rapidly generated by gene 
transfer in accessible peripheral blood T cells, in addition to TILs. 
The current approaches studied in this area involve: (1) naturally 
occurring two-chain TCR molecules and (2) single chain anti-
body constructs bound to intracellular T cell signaling domains.

T Cell Receptor Gene Transfer

The main determinant of tumor recognition by T cells is 
appropriate binding of the major histocompatibility complex 
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been shown to further augment T cell survival and effector func-
tions through CAR recognition.63-65

The first CARs evaluated clinically were designed to target 
CD20 on lymphoma,66 alpha-folate receptor on ovarian can-
cer,67 carboxy-anhydrase-IX on renal cell carcinoma,54 and the 
L1-cell adhesion molecule (CD171) and the diasialoganglioside 
GD2 on neuroblastoma.68,69 Overall, these studies were charac-
terized by short-term persistence of gene-modified T cells and 
poor clinical responses. In the renal cell carcinoma trial, patients 
developed liver toxicity, probably due to the specific reactivity 
of T-cells against carboxy-anhydrase-IX-expressing bile duct 
epithelial cells.54 Two adverse event reports, resulting in patient 
deaths, have recently been published.70,71 The first report targeted 
ERBB2 (HER-2/neu) in a patient with colon cancer metastatic 
to the lungs and liver.70 Lymphodepletion followed by infusion of 
T cells transduced with a CAR vector containing CD28, 4-1BB, 
and CD3ζ signaling domains caused immediate pulmonary tox-
icity. In this study, a cytokine storm has possibly been released 
by the administered cells in response to the low levels of ERBB2 
expressed on normal lung epithelial cells. In the second report, 
chronic lymphocytic leukemia patients were treated with a CAR, 
comprising the CD28 cytoplasmic domain in addition to that of 
the CD3ζ-chain.71 One patient, who received T cells following 
lymphodepleting chemotherapy, developed renal failure due pri-
marily to hypotension as a consequence of sepsis-like syndrome.

Conclusion

Infusion of antigen-specific T cells, referred to as adoptive T 
cell therapy, has yielded therapeutic responses in patients with 
chronic infections and cancer. A better understanding of how 
human T cells function and modulate immune responses would 
largely increase the therapeutic potential of adoptive cell therapy. 
Recently, TCR or CAR gene transfer has been developed as a 
reliable method to generate ex vivo large numbers of T cells of 
a given antigen-specificity, for which TCRs or antibodies have 
been identified. The ability to develop modified TCR transgenes 
to prevent mispairing with endogenous TCR and generate CARs 
incorporating multiple costimulatory signaling domains could 
further improve the in vivo engraftment capability and broaden 
the scope of the T cell gene therapy. Engineering alternate 
immune cell subsets, such as CD4+ helper T cells, CD4+CD25+ 
regulatory T cells and γδ T cells to produce specialized antigen-
specific T cells is a current focus of research. Though, it is also 
important to minimize the safety concerns accompanying the in 
vivo use of genetically-engineered T cells, while pursuing such 
therapeutic approaches.

underwent objective regression of metastatic melanoma lesions. 
In another study, the same group attempted to use more reactive 
TCRs by: (1) screening highly reactive MART-1 T cell clones 
and (2) immunizing HLA-A2 transgenic mice with human 
gp100 peptide. Objective cancer regressions were seen in 30% 
and 19% of patients with metastatic melanoma, who received the 
human or mouse TCR, respectively. However, patients exhibited 
destruction of normal melanocytes in the skin, eye and ear, which 
was managed by steroid treatment.49 More recently, autologous 
T lymphocytes genetically engineered to express a murine TCR 
against human carcinoembryonic antigen (CEA) were adminis-
tered to 3 patients with metastatic colorectal cancer refractory 
to standard treatments. All patients showed decreased levels of 
serum CEA (74–99%), and one patient had an objective regres-
sion of cancer metastatic to the lung and liver. Though, a severe 
transient inflammatory colitis was induced in all three patients.50

Chimeric Antibody Receptor Gene Transfer

Chimeric antibody receptors (CARs) use the extracellular single-
chain variable fragment (scFv) of an antibody fused to intracel-
lular signaling domains, such as the TCRζ chain (CD3ζ) or IgE 
high-affinity receptor (FcεRIγ).51,52 With such CARs, the rec-
ognition specificity of lymphocytes is redirected to desired cell 
surface tumor antigens, in a non-HLA restricted manner and 
without antigen processing and presentation by the target cell. 
Whereas a TCR binds only short peptides derived from protein 
antigens, CARs can recognize nonproteinous antigens, includ-
ing carbohydrates and glycolipids. In addition, high-affinity scFv 
domain makes the transduced T cells more sensitive to low anti-
gen densities.53 However, a key to this approach is that the target 
antigens should be carefully chosen, so as to be highly expressed 
only on tumor cells and not on normal cells.54

CARs have been developed to target antigenic molecules on 
various human tumors, including cancers of the breast, kidney, 
lung, colon, prostate, ovary, skin, pancreas and immune cells.54-60 
Even though the first CARs were reported to redirect the cyto-
toxic function (tumor cell killing and cytokine production) of 
the engineered T cells, they did not transmit proliferative signals 
in response to antigen. To undergo full activation, T cells require 
signaling through their TCRs and costimulatory molecules, 
mainly CD28. As such, other intracellular signaling domains 
have been added to the CD3ζ chain of CARs. Incorporating 
CD28 signaling domains resulted in enhanced proliferation, 
cytokine secretion, and tumor control.55,61,62 Inclusion of differ-
ent costimulatory signaling domains, such as CD137 (4-1BB), 
CD134 (OX40) and ICOS (inducible T cell costimulator), has 

References
1. Parish CR. Cancer immunotherapy: the past, the pres-

ent and the future. Immunol Cell Biol 2003; 81:106.
2. Finn OJ. Cancer vaccines: between the idea and the 

reality. Nat Rev Immunol 2003; 3:630.
3. Rosenberg SA, Yang JC, Restifo NP. Cancer immuno-

therapy: moving beyond current vaccines. Nat Med 
2004; 10:909.

4. McKee MD, Fichera A, Nishimura MI. T cell immu-
notherapy. Front Biosci 2007; 12:919.

5. Marijt WA, Heemskerk MH, Kloosterboer FM, 
Goulmy E, Kester MG, van der Hoorn MA, et 
al. Hematopoiesis-restricted minor histocompatibility 
antigens HA-1- or HA-2-specific T cells can induce 
complete remissions of relapsed leukemia. Proc Natl 
Acad Sci USA 2003; 100:2742.

6. Akatsuka Y, Morishima Y, Kuzushima K, Kodera Y, 
Takahashi T. Minor histocompatibility antigens as 
targets for immunotherapy using allogeneic immune 
reactions. Cancer Sci 2007; 98:1139.

7. Kolb HJ, Mittermuller J, Clemm C, Holler E, 
Ledderose G, Brehm G, et al. Donor leukocyte transfu-
sions for treatment of recurrent chronic myelogenous 
leukemia in marrow transplant patients. Blood 1990; 
76:2462.

8. Kolb HJ, Schattenberg A, Goldman JM, Hertenstein 
B, Jacobsen N, Arcese W, et al. Graft-versus-leukemia 
effect of donor lymphocyte transfusions in marrow 
grafted patients. Blood 1995; 86:2041.



www.landesbioscience.com Self/Nonself 83

43. Zhou X, Cui Y, Huang X, Yu Z, Thomas AM, Ye Z, 
et al. Lentivirus-mediated gene transfer and expression 
in established human tumor antigen-specific cytotoxic 
T cells and primary unstimulated T cells. Hum Gene 
Ther 2003; 14:1089.

44. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan 
RA. Enhanced antitumor activity of murine-human 
hybrid T-cell receptor (TCR) in human lymphocytes 
is associated with improved pairing and TCR/CD3 
stability. Cancer Res 2006; 66:8878.

45. Cohen CJ, Li YF, El-Gamil M, Robbins PF, Rosenberg 
SA, Morgan RA. Enhanced antitumor activity of T cells 
engineered to express T-cell receptors with a second 
disulfide bond. Cancer Res 2007; 67:3898.

46. Li Y, Moysey R, Molloy PE, Vuidepot AL, Mahon T, 
Baston E, et al. Directed evolution of human T-cell 
receptors with picomolar affinities by phage display. 
Nat Biotechnol 2005; 23:349.

47. Theobald M, Biggs J, Dittmer D, Levine AJ, Sherman 
LA. Targeting p53 as a general tumor antigen. Proc 
Natl Acad Sci USA 1995; 92:11993.

48. Morgan RA, Dudley ME, Wunderlich JR, Hughes 
MS, Yang JC, Sherry RM, et al. Cancer regression in 
patients after transfer of genetically engineered lympho-
cytes. Science 2006; 314:126.

49. Johnson LA, Morgan RA, Dudley ME, Cassard L, 
Yang JC, Hughes MS, et al. Gene therapy with human 
and mouse T-cell receptors mediates cancer regression 
and targets normal tissues expressing cognate antigen. 
Blood 2009; 114:535.

50. Parkhurst MR, Yang JC, Langan RC, Dudley ME, 
Nathan DA, Feldman SA, et al. T Cells Targeting 
Carcinoembryonic Antigen Can Mediate Regression 
of Metastatic Colorectal Cancer but Induce Severe 
Transient Colitis. Mol Ther.

51. Gross G, Waks T, Eshhar Z. Expression of immuno-
globulin-T-cell receptor chimeric molecules as func-
tional receptors with antibody-type specificity. Proc 
Natl Acad Sci USA 1989; 86:10024.

52. Gross G, Gorochov G, Waks T, Eshhar Z. Generation 
of effector T cells expressing chimeric T cell receptor 
with antibody type-specificity. Transplant Proc 1989; 
21:127.

53. Turatti F, Figini M, Balladore E, Alberti P, Casalini P, 
Marks JD, et al. Redirected activity of human antitu-
mor chimeric immune receptors is governed by antigen 
and receptor expression levels and affinity of interac-
tion. J Immunother 2007; 30:684.

54. Lamers CH, Sleijfer S, Vulto AG, Kruit WH, Kliffen 
M, Debets R, et al. Treatment of metastatic renal cell 
carcinoma with autologous T-lymphocytes genetically 
retargeted against carbonic anhydrase IX: first clinical 
experience. J Clin Oncol 2006; 24:20.

55. Haynes NM, Trapani JA, Teng MW, Jackson JT, 
Cerruti L, Jane SM, et al. Rejection of syngeneic colon 
carcinoma by CTLs expressing single-chain antibody 
receptors codelivering CD28 costimulation. J Immunol 
2002; 169:5780.

56. Westwood JA, Smyth MJ, Teng MW, Moeller M, 
Trapani JA, Scott AM, et al. Adoptive transfer of T 
cells modified with a humanized chimeric receptor gene 
inhibits growth of Lewis-Y-expressing tumors in mice. 
Proc Natl Acad Sci USA 2005; 102:19051.

57. Daly T, Royal RE, Kershaw MH, Treisman J, Wang G, 
Li W, et al. Recognition of human colon cancer by T 
cells transduced with a chimeric receptor gene. Cancer 
Gene Ther 2000; 7:284.

58. Ma Q, Safar M, Holmes E, Wang Y, Boynton AL, 
Junghans RP. Anti-prostate specific membrane antigen 
designer T cells for prostate cancer therapy. Prostate 
2004; 61:12.

59. Yun CO, Nolan KF, Beecham EJ, Reisfeld RA, 
Junghans RP. Targeting of T lymphocytes to melanoma 
cells through chimeric anti-GD3 immunoglobulin 
T-cell receptors. Neoplasia 2000; 2:449.

25. Levine BL, Humeau LM, Boyer J, MacGregor RR, 
Rebello T, Lu X, et al. Gene transfer in humans using 
a conditionally replicating lentiviral vector. Proc Natl 
Acad Sci USA 2006; 103:17372.

26. Mitsuyasu RT, Anton PA, Deeks SG, Scadden DT, 
Connick E, Downs MT, et al. Prolonged surviv-
al and tissue trafficking following adoptive transfer 
of CD4zeta gene-modified autologous CD4(+) and 
CD8(+) T cells in human immunodeficiency virus-
infected subjects. Blood 2000; 96:785.

27. Coccoris M, Straetemans T, Govers C, Lamers C, 
Sleijfer S, Debets R. T cell receptor (TCR) gene therapy 
to treat melanoma: lessons from clinical and preclinical 
studies. Expert Opin Biol Ther 2010; 10:547.

28. Dembic Z, Haas W, Weiss S, McCubrey J, Kiefer H, 
von Boehmer H, et al. Transfer of specificity by murine 
alpha and beta T-cell receptor genes. Nature 1986; 
320:232.

29. Cole DJ, Weil DP, Shamamian P, Rivoltini L, Kawakami 
Y, Topalian S, et al. Identification of MART-1-specific 
T-cell receptors: T cells utilizing distinct T-cell receptor 
variable and joining regions recognize the same tumor 
epitope. Cancer Res 1994; 54:5265.

30. Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, 
Nishimura MI. Efficient transfer of a tumor antigen-
reactive TCR to human peripheral blood lympho-
cytes confers anti-tumor reactivity. J Immunol 1999; 
163:507.

31. Clay TM, Custer MC, Spiess PJ, Nishimura MI. 
Potential use of T cell receptor genes to modify hemato-
poietic stem cells for the gene therapy of cancer. Pathol 
Oncol Res 1999; 5:3.

32. Calogero A, Hospers GA, Kruse KM, Schrier PI, 
Mulder NH, Hooijberg E, et al. Retargeting of a T cell 
line by anti MAGE-3/HLA-A2alpha beta TCR gene 
transfer. Anticancer Res 2000; 20:1793.

33. Roszkowski JJ, Yu DC, Rubinstein MP, McKee MD, 
Cole DJ, Nishimura MI. CD8-independent tumor cell 
recognition is a property of the T cell receptor and not 
the T cell. J Immunol 2003; 170:2582.

34. Morgan RA, Dudley ME, Yu YY, Zheng Z, Robbins PF, 
Theoret MR, et al. High efficiency TCR gene transfer 
into primary human lymphocytes affords avid recogni-
tion of melanoma tumor antigen glycoprotein 100 and 
does not alter the recognition of autologous melanoma 
antigens. J Immunol 2003; 171:3287.

35. Stanislawski T, Voss RH, Lotz C, Sadovnikova E, 
Willemsen RA, Kuball J, et al. Circumventing tolerance 
to a human MDM2-derived tumor antigen by TCR 
gene transfer. Nat Immunol 2001; 2:962.

36. Zhang Y, Liu Y, Moxley KM, Golden-Mason L, 
Hughes MG. Liu T, et al. Transduction of human T 
cells with a novel T-cell receptor confers anti-HCV 
reactivity. PLoS Pathog 6:1001018.

37. Orentas RJ, Roskopf SJ, Nolan GP, Nishimura MI. 
Retroviral transduction of a T cell receptor specific for 
an Epstein-Barr virus-encoded peptide. Clin Immunol 
2001; 98:220.

38. Norell H, Zhang Y, McCracken J, Martins da Palma 
T, Lesher A, Liu Y, et al. CD34-based enrichment 
of genetically engineered human T cells for clinical 
use results in dramatically enhanced tumor targeting. 
Cancer Immunol Immunother 59:851.

39. McKee MD, Roszkowski JJ, Nishimura MI. T cell 
avidity and tumor recognition: implications and thera-
peutic strategies. J Transl Med 2005; 3:35.

40. Benihoud K, Yeh P, Perricaudet M. Adenovirus vectors 
for gene delivery. Curr Opin Biotechnol 1999; 10:440.

41. Weber E, Anderson WF, Kasahara N. Recent advances 
in retrovirus vector-mediated gene therapy: teaching 
an old vector new tricks. Curr Opin Mol Ther 2001; 
3:439.

42. Cavalieri S, Cazzaniga S, Geuna M, Magnani Z, 
Bordignon C, Naldini L, et al. Human T lymphocytes 
transduced by lentiviral vectors in the absence of TCR 
activation maintain an intact immune competence. 
Blood 2003; 102:497.

9. Bollard CM, Kuehnle I, Leen A, Rooney CM, Heslop 
HE. Adoptive immunotherapy for posttransplantation 
viral infections. Biol Blood Marrow Transplant 2004; 
10:143.

10. Walter EA, Greenberg PD, Gilbert MJ, Finch RJ, 
Watanabe KS, Thomas ED, Riddell SR. Reconstitution 
of cellular immunity against cytomegalovirus in recipi-
ents of allogeneic bone marrow by transfer of T-cell 
clones from the donor. N Engl J Med 1995; 333:1038.

11. Einsele H, Roosnek E, Rufer N, Sinzger C, Riegler S, 
Loffler J, et al. Infusion of cytomegalovirus (CMV)-
specific T cells for the treatment of CMV infection 
not responding to antiviral chemotherapy. Blood 2002; 
99:3916.

12. Moss P, Rickinson A. Cellular immunotherapy for viral 
infection after HSC transplantation. Nat Rev Immunol 
2005; 5:9.

13. Heslop HE, Ng CY, Li C, Smith CA, Loftin SK, 
Krance RA, et al. Long-term restoration of immunity 
against Epstein-Barr virus infection by adoptive transfer 
of gene-modified virus-specific T lymphocytes. Nat 
Med 1996; 2:551.

14. Rosenberg SA, Restifo NP, Yang JC, Morgan RA, 
Dudley ME. Adoptive cell transfer: a clinical path to 
effective cancer immunotherapy. Nat Rev Cancer 2008; 
8:299.

15. Dudley ME, Rosenberg SA. Adoptive-cell-transfer 
therapy for the treatment of patients with cancer. Nat 
Rev Cancer 2003; 3:666.

16. Lotze MT, Grimm EA, Mazumder A, Strausser JL, 
Rosenberg SA. Lysis of fresh and cultured autologous 
tumor by human lymphocytes cultured in T-cell growth 
factor. Cancer Res 1981; 41:4420.

17. Rosenberg SA, Lotze MT, Muul LM, Chang AE, 
Avis FP, Leitman S, et al. A progress report on the 
treatment of 157 patients with advanced cancer using 
lymphokine-activated killer cells and interleukin-2 or 
high-dose interleukin-2 alone. N Engl J Med 1987; 
316:889.

18. Rosenberg SA, Lotze MT, Yang JC, Topalian SL, 
Chang AE, Schwartzentruber DJ, et al. Prospective 
randomized trial of high-dose interleukin-2 alone or in 
conjunction with lymphokine-activated killer cells for 
the treatment of patients with advanced cancer. J Natl 
Cancer Inst 1993; 85:622.

19. Rosenberg SA, Yannelli JR, Yang JC, Topalian SL, 
Schwartzentruber DJ, Weber JS, et al. Treatment of 
patients with metastatic melanoma with autologous 
tumor-infiltrating lymphocytes and interleukin 2. J 
Natl Cancer Inst 1994; 86:1159.

20. Dudley ME, Wunderlich J, Nishimura MI, Yu D, Yang 
JC, Topalian SL, et al. Adoptive transfer of cloned 
melanoma-reactive T lymphocytes for the treatment 
of patients with metastatic melanoma. J Immunother 
2001; 24:363.

21. Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, 
Celis E, et al. Adoptive T cell therapy using antigen-
specific CD8+ T cell clones for the treatment of patients 
with metastatic melanoma: in vivo persistence, migra-
tion and antitumor effect of transferred T cells. Proc 
Natl Acad Sci USA 2002; 99:16168.

22. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, 
Hwu P, Schwartzentruber DJ, et al. Cancer regression 
and autoimmunity in patients after clonal repopulation 
with antitumor lymphocytes. Science 2002; 298:850.

23. Dudley ME, Wunderlich JR, Yang JC, Sherry RM, 
Topalian SL, Restifo NP, et al. Adoptive cell transfer 
therapy following non-myeloablative but lymphode-
pleting chemotherapy for the treatment of patients with 
refractory metastatic melanoma. J Clin Oncol 2005; 
23:2346.

24. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, 
Kammula U, et al. Adoptive cell therapy for patients 
with metastatic melanoma: evaluation of intensive 
myeloablative chemoradiation preparative regimens. J 
Clin Oncol 2008; 26:5233.



84 Self/Nonself Volume 2 Issue 1

69. Park JR, Digiusto DL, Slovak M, Wright C, Naranjo A, 
Wagner J, et al. Adoptive transfer of chimeric antigen 
receptor re-directed cytolytic T lymphocyte clones in 
patients with neuroblastoma. Mol Ther 2007; 15:825.

70. Morgan RA, Yang JC, Kitano M, Dudley ME, 
Laurencot CM, Rosenber SAg. Case report of a serious 
adverse event following the administration of T cells 
transduced with a chimeric antigen receptor recogniz-
ing ERBB2. Mol Ther 18:843.

71. Brentjens R, Yeh R, Bernal Y, Riviere I, Sadelain 
M. Treatment of chronic lymphocytic leukemia with 
genetically targeted autologous T cells: case report of an 
unforeseen adverse event in a phase I clinical trial. Mol 
Ther 18:666.

65. Carpenito C, Milone MC, Hassan R, Simonet JC, 
Lakhal M, Suhoski MM, et al. Control of large, estab-
lished tumor xenografts with genetically retargeted 
human T cells containing CD28 and CD137 domains. 
Proc Natl Acad Sci USA 2009; 106:3360.

66. Till BG, Jensen MC, Wang J, Chen EY, Wood BL, 
Greisman HA, et al. Adoptive immunotherapy for 
indolent non-Hodgkin lymphoma and mantle cell lym-
phoma using genetically modified autologous CD20-
specific T cells. Blood 2008; 112:2261.

67. Kershaw MH, Westwood JA, Parker LL, Wang G, 
Eshhar Z, Mavroukakis SA, et al. A phase I study on 
adoptive immunotherapy using gene-modified T cells 
for ovarian cancer. Clin Cancer Res 2006; 12:6106.

68. Pule MA, Savoldo B, Myers GD, Rossig C, Russell 
HV, Dotti G, et al. Virus-specific T cells engineered 
to coexpress tumor-specific receptors: persistence and 
antitumor activity in individuals with neuroblastoma. 
Nat Med 2008; 14:1264.

60. Cooper LJ, Al-Kadhimi Z, Serrano LM, Pfeiffer T, 
Olivares S, Castro A, et al. Enhanced antilymphoma 
efficacy of CD19-redirected influenza MP1-specific 
CTLs by cotransfer of T cells modified to present 
influenza MP1. Blood 105:1622.

61. Finney HM, Lawson AD, Bebbington CR, Weir AN. 
1998. Chimeric receptors providing both primary and 
costimulatory signaling in T cells from a single gene 
product. J Immunol 2005; 161:2791.

62. Maher J, Brentjens RJ, Gunset G, Riviere I, Sadelain 
M. Human T-lymphocyte cytotoxicity and prolif-
eration directed by a single chimeric TCRzeta/CD28 
receptor. Nat Biotechnol 2002; 20:70.

63. Finney HM, Akbar AN, Lawson AD. Activation of 
resting human primary T cells with chimeric receptors: 
costimulation from CD28, inducible costimulator, 
CD134 and CD137 in series with signals from the 
TCR zeta chain. J Immunol 2004; 172:104.

64. Zhong XS, Matsushita M, Plotkin J, Riviere I, Sadelain 
M. Chimeric antigen receptors combining 4-1BB and 
CD28 signaling domains augment PI3kinase/AKT/
Bcl-XL activation and CD8+ T cell-mediated tumor 
eradication. Mol Ther 18:413.


